To investigate mechanisms by which specific sugars affect feeding behaviour. DESIGN: In an initial study, gastric emptying rate and appetite were measured following ingestion of lemon flavoured solutions of sucrose, maltose (2160 kJ, 575 ml) and water control (67 kJ, 575 ml) given in randomised order on separate days to six male volunteers. In a second study, the effects of intragastric infusions of sucrose and maltose on appetite and gastric emptying were compared in six male volunteers. RESULTS: When given orally, both the sucrose and maltose solutions slowed gastric emptying compared with water, however sucrose emptied at a faster rate than maltose. The sucrose preload increased fullness and decreased prospective consumption during the following 3 h compared with maltose and water. When administered intragastically, the gastric emptying rate of sucrose was again faster than that of maltose but there was no difference in ratings of hunger, fullness or prospective consumption for 3 h following the infusions. CONCLUSIONS: These results show that gastric emptying of sucrose is faster than that of maltose and suggest that gastric emptying rate and hence period of gastric distension is not the predominant factor regulating appetite by these sugars. The differences observed between oral and gastric delivery suggest that oro-sensory and cognitive factors, possibly stimulated by the sweetness of sucrose, were involved in the induction of satiety.
Introduction
Ingestion of carbohydrate can suppress appetite and feeding in the short term. A number of studies have demonstrated that ingestion of drinks containing simple sugars results in a reduction in energy intake from subsequent meals when compared with non-caloric, sweet drinks or plain water. 1 -4 The addition of energy as various forms of sweet or nonsweet carbohydrates to preload foods has also been shown to decrease hunger and subsequent intake when compared with intake following preloads that are plain or sweetened with non-caloric, high intensity sweeteners. Moreover, the reduction in intake has often been observed to be commensurate with the energy consumed as added carbohydrate indicating accurate detection of carbohydrate energy. 5, 6 Three-day studies conducted in a residential laboratory have also demonstrated compensation for the calorie deficit of low compared with high carbohydrate lunches by the end of the each study day. 7 We consume different forms of carbohydrate in our diet. The majority of which is ingested as sucrose or starch. 8 It is unclear, however, how different forms of carbohydrate may affect appetite. Mechanisms operating in the short term to terminate feeding and determine the inter-meal period are likely to arise from cognitive, cephalic, gastrointestinal (eg gastric distension, hormone release) and early postabsorptive (oxidation and systemic levels of nutrients) responses to food ingestion. 9, 10 The mechanisms regulating carbohydrate digestion and absorption appear to be sugar specific. Different sugars have been shown to empty from the stomach at different rates, 11, 12 are absorbed at different rates via specific transport systems 13 -15 and give rise to differing glycaemic and hormonal profiles. 16 -19 The effect of carbohydrate ingestion on eating behaviour may therefore be dependent on the nature of the carbohydrate in relation to how it is digested and absorbed within the gut.
Some studies have compared the effect of different monosaccharides on appetite. Rodin and colleagues found that ingestion of fructose in the form of sweet drinks resulted in a greater suppression of intake from subsequent test meals compared with glucose-sweetened drinks of equal volume, calories and, in some studies, sweetness. 17, 20, 21 Similar effects were also found when fructose and glucose were ingested as the sole carbohydrate source in a simple mixed nutrient preload 22 but not when included in a mixed nutrient meal. 17 It has been suggested that these differences may have been related to differences in gastric emptying rates or to differences in postprandial insulin responses between the sugars. 17, 22 Significantly, however, these findings have not been replicated by other researchers. Using similar preload drinks to those of Rodin and co-workers, Guss et al 23 reported no difference in food intake following ingestion of fructose compared with glucose. Shafer et al 24 also reported similar energy intakes from a test meal presented one hour after ingestion of 25 g fructose, glucose and sucrose, whereas the incompletely absorbed alcohol sugar, xylitol, was found to have a greater suppressive effect on food intake. Differences in methodological design relating to sweetness and time between preload and test meal may account for differences in response. To date, however, little focus has been given to the disaccharides which, either directly or indirectly through the breakdown of starch, form the majority of sugars entering the gastrointestinal tract.
The aim of the present studies was to make an initial investigation of gastrointestinal factors associated with appetite regulation by disaccharides. Sucrose and maltose were chosen for comparison as they are the predominant forms of carbohydrate present in the intestine following ingestion of sucrose and starch. The disaccharides were given as oral preloads in the first study to allow investigation of the effect of taste, whereas the second set of experiments used gastric infusions to control for any difference in taste, particularly sweetness. Visual analogue scale recordings of appetite were used in the studies to examine changes in appetite over time.
Methods
Two separate studies were conducted. Study 1 consisted of oral administration of sucrose and maltose solutions plus a control, water (unsweetened) preload. Study 2 consisted of intragastric infusions of sucrose and maltose solutions.
Subjects
Six healthy, male volunteers participated in each study. Three of the volunteers participated in both studies. Subjects were aged between 20 and 36 y in study 1 and between l9 and 27 y in study 2. All subjects were within ideal range for body mass index (20.1 -24.7 kg=m 2 , study 1; 22.3 -24.7 kg=m 2 , study 2) and scored less than 8 on the restraint scale of the Eating Inventory Questionnaire, 25 indicating that they were not restrained eaters. No subjects were taking medication at the time of the investigations. Each subject gave written informed consent and the protocol was approved by the North Sheffield Local Research Ethics Committee, Northern General Hospital, Sheffield.
Protocol
Subjects participated in three investigation days carried out in random order in study 1 and two investigation days carried out in random order in study 2. Investigation days were separated by at least 5 days for each study. Subjects were instructed to fast from 10:00 pm on the evenings before study days and asked not to consume any alcohol or participate in any strenuous exercise for 24 h before a study.
Study 1
Subjects arrived at the Centre for Human Nutrition at 9:45 am At 10:00 am subjects were seated upright against a posteriorly positioned gamma camera collimeter head (model Radicamera II, General Electric, Milwaukee, USA) and were given either a 2169 kJ (516 kcal), 575 ml lemonflavoured drink of sucrose or maltose (125 g þ 450 ml water þ 50 ml lemon juice (PLJ, Martlet Natural Foods, Wellingborough, UK)) or an unsweetened 67 kJ (16 kcal), 575 ml lemon-flavoured drink (525 ml water þ 50 ml lemon juice). The drinks were labelled with 1.5 MBq 99m Technetium tin colloid and consumed over a 15 min period. The subjects remained seated in this position and emptying of the drinks from the stomach was monitored for 3 h. Subjects rated their level of hunger, fullness and prospective consumption on visual analogue scales immediately prior to consumption of the drinks and then at 15 min intervals throughout the study.
Study 2
Subjects arrived at the Centre for Human Nutrition at 9:15 am. A small diameter (2.1 mm), weighted, enteral feeding tube (Corpak MedSystems, Wheeling, IL 60090, USA) was then inserted through a nostril which had been anaesthetised with 1% xylocaine spray (Astra Pharmaceuticals Ltd, Hertfordshire, UK). Whilst the subject swallowed small sips of water, approximately 50 cm of the tube was slowly advanced down the oesophagus so that the infusion port was positioned in the stomach. No subject consumed more than 50 ml water. Once the feeding tube was in place the subject rested quietly. At approximately 10:00 am the subject sat at the gamma camera and a 2093 kJ (500 kcal), 575 ml solution of either sucrose or maltose (125 g þ 500 ml water Sugars, gastric emptying and appetite regulation JH Lavin et al labelled with 1.5 MBq 99m Technetium tin colloid) was delivered into the stomach over a 15 min period. The feeding tube was then removed and gastric emptying was monitored for 3 h. Subjects rated their level of hunger, fullness and prospective consumption on visual analogue scales immediately prior to the gastric infusion and then at 15 min intervals throughout the study.
Analysis of gastric emptying rate Sequential images of abdominal distribution of radioactivity were collected over the 3 h study period (at 30 s intervals for the first 10 min, 1 min intervals for the next 10 min, 2 min intervals for the following 40 min and 5 min intervals for the remaining 2 h) and stored on a dedicated microcomputer. At the end of each study the images were corrected for gamma emission attenuation by the subjects' tissues resulting from the isotope moving from the posterior location of the fundus to the more anterior positioned antrum as the solutions emptied from the stomach, using a technique previously described by Collins et al. 26 Thus, subjects were required to drink 200 ml water containing 1 MBq 99m Technetium tin colloid whilst seated with their left side against the collimeter head in order to acquire a 5 min static left lateral image of the stomach. The stored images of distribution of radioactivity were redisplayed and an integrated image of approximately the first 20 frames (10 min) was used to identify and outline the position of the stomach. The counts within this region were then calculated for each frame throughout the study and corrected for normal rate of decay of the isotope and tissue attenuation using the left lateral image. The counts were expressed as a percentage of total radioactivity derived from the maximum count rate recorded shortly after ingestion and these were used to construct a profile of gastric emptying and determine the time at which half of the solution label remained in the stomach (t 1 2 ).
Analysis of appetite ratings
Visual analogue scales were 10 cm long and subjects were instructed to place a vertical mark at the appropriate point on each scale to indicate how hungry and full they felt and how much food they thought they could eat at the present time (prospective consumption). Hunger and fullness scales were anchored at the left-hand side with the descriptor 'not at all' and at the right 'extremely'. The prospective consumption scale was anchored with the descriptors 'none at all' and 'an extremely large amount' at the left and right hand side respectively. The scales were measured in centimetres from the left-hand side to give a numerical score.
Statistical analysis
Statistical analysis was performed using SPSS for windows version 6.0 (SPSS Inc., USA). Results are expressed as mean AE s.e.m. In study 1 repeated measures analysis of variance (ANOVA) was applied to the gastric emptying profiles of the three preloads. Repeated measures analysis of covariance (ANCOVA) was applied to ratings of hunger, fullness and prospective consumption with ratings taken before administration of the preloads used as covariates. Post hoc analysis was performed using Tukey's procedure in order to determine between which conditions any difference occurred. The half gastric emptying times of the preloads were compared using one-way ANOVA followed by Tukey's procedure. In study 2 repeated measures ANOVA was used to test for differences in the gastric emptying profiles of the two infusions. Repeated measures ANCOVA was applied to ratings of hunger, fullness and prospective consumption with preinfusion scores used as covariates. Student's paired t-test was used for post hoc analysis on individual time points. The half gastric emptying times of the two infusions were also compared using Student's paired t-test.
Results

Study 1
Repeated measures ANOVA indicated a significant difference in the overall gastric emptying rates of the sucrose, maltose and flavoured water solutions when given as oral preloads (F(2,10) ¼ 57.23, P < 0.001). Post hoc tests revealed that both the sucrose and maltose drinks slowed gastric emptying compared with the flavoured water after approximately 30 min (P < 0.05), but the sucrose drink also emptied from the stomach at a faster rate than the maltose drink (P < 0.05 for the majority of time points from t ¼ 40 to t ¼ 160, Figure   Figure 1 Gastric emptying profile of orally administered sucrose and maltose solutions and unsweetened water control. ANOVA followed by Tukey's procedure indicates that the emptying rates of both sucrose and maltose are significantly slower than that of water from t ¼ 30 min (P < 0.05) and the emptying rate of maltose is significantly slower than sucrose for the majority of time points from t ¼ 40 to t ¼ 160 min (P < 0.05).
Sugars, gastric emptying and appetite regulation JH Lavin et al 1). This resulted in a significant difference in the half time for gastric emptying for the three drinks (F(2, 10) ¼ 301.51, P < 0.001). Post hoc tests showed that the half emptying time for the flavoured water (t 1 2 ¼ 39 AE 2 min) was faster than that for both the sucrose (t 1 2 ¼ 86 AE 5 min, P < 0.05) and maltose drink (t 1 2 ¼ 115 AE 2 min, P < 0.05) and the half emptying time for the sucrose drink was faster than that for maltose (P < 0.05).
Significant differences were observed in ratings of hunger (F(2, 10) ¼ 5.31, P < 0.05), fullness (F(2, 10) ¼ 16.14, P < 0.01) and prospective consumption (F(2, 10) ¼ 11.87, P < 0.01) following ingestion of the three preloads (Figure 2) . Post hoc tests revealed that the oral sucrose preload increased fullness (P < 0.05) and decreased prospective consumption (P < 0.05) during the following 3 h compared with both the maltose and flavoured water preloads. Hunger ratings were also significantly lower during the final 30 min of the study following both the sucrose and maltose preloads when compared with water (P < 0.05, see Figure 2 for time points at which significance occurs).
Study 2
There was a significant difference in the gastric emptying profiles of the two infusions (F(1, 5) ¼ 17.15, P < 0.01). Post hoc tests showed that the gastric infusion of sucrose emptied from the stomach at a significantly faster rate than the maltose (P < 0.05 for the majority of time points from t ¼ 36 to t ¼ 180, Figure 3 ). This resulted in a significantly shorter half gastric emptying time (t 
Discussion
The findings of this study demonstrated that the gastric emptying rate of maltose was markedly slower than that of sucrose both when administered orally and infused directly into the stomach. Although the site of delivery did not affect the difference in the rate of gastric emptying of the two disaccharides, the appetite response to the solutions did appear to depend on the site of delivery. These findings raise a number of questions regarding the regulation of gastrointestinal motility and appetite by different carbohydrates.
The differences in gastric emptying rate occurred despite the two disaccharide solutions being of equal volume, caloric value and osmotic potential. Stimulation of upper intestinal receptors exerts a potent inhibitory action on gastric emptying via neural and hormonal feedback signals. 27 The gastric emptying of carbohydrates has been suggested to be controlled by intestinal receptors sensitive to both osmotic 28, 29 and caloric properties. 30 -32 However, the observation that fructose empties from the stomach more rapidly than equicaloric and equiosmotic glucose loads 11, 12 suggests that the Figure 2 Ratings of hunger, fullness and prospective consumption following ingestion of drinks of sucrose, maltose and water control. *Sucrose vs maltose, P < 0.05, Tukey's procedure. {Sucrose vs water, P < 0.05, Tukey's procedure. {Maltose vs water, P < 0.05, Tukey's procedure.
Sugars, gastric emptying and appetite regulation JH Lavin et al potency of the feedback is also related to the sugar molecule itself. The results of the present study showing that the fructose-containing disaccharide emptied more rapidly than maltose are in accordance with these findings and suggests that glucose molecules have a stronger inhibitory effect on gastric emptying than fructose even in the disaccharide molecule. Furthermore, our data are consistent with findings of Elias et al, 11 whose data (although they did not directly compare disaccharides) suggest that sucrose emptied faster than maltose.
It is possible that the receptor mechanism regulating gastric emptying is located within the brush border of the epithelium and may therefore be stimulated after the disaccharides have been split into their component monosaccharide molecules. Alternatively, there may be specific receptors for the disaccharides. However, previous data showing that the gastric emptying rate of starch is no different than that of glucose indicated that the regulation occurred after the starch had been broken down to glucose, 29 thus supporting the hypothesis that receptor mechanisms are situated in the brush border.
The suppression of appetite by the sugars differed depending on whether they were given by mouth or directly into the stomach. Sucrose induced a greater suppression of prospective consumption and enhanced feeling of fullness than maltose only when given by mouth. This would suggest a contribution of oro-sensory factors in this greater suppression of appetite. Previous work has demonstrated that the taste of foods (and more specifically sweetness) can have a marked influence on subsequent feelings of hunger and fullness 33 and enhancement of satiety. 33 -35 Taste has been shown to be involved in cephalic phase response to food ingestion to influence normal digestive and metabolic processes, eg hormone release, gastric acid release, rate of gastric emptying and glucoregulation. 36 -41 Therefore, it is possible that sweet taste could modulate appetite through an influence on other satiety mechanisms. The solutions given in the present study were not matched for sweetness and, although subjects were not specifically asked to rate this, a Figure 3 Gastric emptying profile of intragastric infusions of sucrose and maltose solutions ANOVA followed by Student's paired t-test indicates that the emptying rate of maltose is significantly slower than that of sucrose for the majority of time points from t ¼ 36 min (P < 0.05). Sugars, gastric emptying and appetite regulation JH Lavin et al number did comment that the sucrose drink was perceptibly sweeter, which could have contributed to the greater satiety when given orally. Previous studies have also indicated a clear difference in the sweetness of sucrose compared with maltose. 42 However, the possible role of sweet taste in the satiating effects of carbohydrates remains controversial; some studies have suggested that sweet carbohydrates are less satiating than non-sweet carbohydrates 43 and that sweetness may in fact have some stimulatory effect on appetite 44 and as such can weaken the satiating power of food. 45 Interestingly, although in their initial experiment, de Graff et al 43 showed sweet carbohydrate foods to be less satiating than non-sweet foods, a second experiment found sweet and non-sweet foods to be equally satiating. Both experiments, however, demonstrated a strong sensory-specific satiety effect, with sweet preloads being most effective in suppressing appetite for, or consumption of, sweet foods. Thus, although the magnitude of change of appetite scores were relatively small in the present study, larger effects may have been found using a more specific question relating to appetite for sweet foods.
In support of the importance of the role of oro-sensory factors in determining an appropriate appetite response, previous data from our laboratory has shown that the same liquid meals have progressively less effect on subjective sensations of appetite when given at more distal points in the gastrointestinal tract. 36 Further studies also found that, although little effect was observed on ratings of hunger and fullness recorded during intraduodenal infusions of fats compared with a control saline infusion, food intake from a test meal was suppressed following the intraduodenal fats. These data suggested that the effect of the intraduodenal infusions on appetite were potentiated by signals arising from ingestion of the test meal. 46, 47 The present data may therefore represent a generally low sensitivity of VAS ratings in response to gastrically delivered solutions. A test meal was not given following ingestion of the preloads in these studies in order to allow the effects on appetite to be followed over an extended period since previous studies have suggested that the effects of different sugars can be manifested at different times following ingestion. 12 However, given the findings of Castiglione et al, 46 and French et al 47 an interesting extension to this work would be to investigate the effects of sucrose and maltose on subsequent test meal intake and possibly on intake specifically of sweet vs non-sweet foods.
Changes in appetite responses to all conditions were relatively small and these data were collected from a small group of subjects, hence the power of the study can be questioned. However the fact that we have been able to identify a difference in appetite response following oral intake of the solutions suggests that the study design is robust enough to detect differences using VAS and that the difference between gastric infusion and drinking of solutions represents a true difference in sensitivity between these routes of administration. This argument is supported by the lack of a trend towards the difference in appetite response due to the different sugars when given by the gastric route.
Of interest is the lack of relationship between the gastric emptying data and appetite response to the sugars. As maltose emptied from the stomach more slowly than sucrose when delivered both orally and gastrically it would be expected that an increased period of gastric distension would result in increased feelings of fullness and suppression of hunger. 31, 48 However, our data showed that gastric emptying rate was not related to appetite ratings when nutrients were infused directly into the stomach and were inversely related (ie faster emptying was associated with increased feelings of fullness) when given by mouth.
Therefore, in conclusion the present findings do not suggest that gastric emptying and hence period of gastric distension was the predominant factor regulating appetite by these sugars in humans. The fact that differences in appetite occurred when the disaccharides were given orally but not when infused directly into the stomach may suggest that oral factors, possibly stimulated by the sweetness of sucrose, were involved in the induction of satiety.
